Introduction
The Salzmann pine (Pinus nigra ssp. salzmannii) is an endemic subspecies of black pine native to the Western Mediterranean basin. In Spain, Salzmann pine covers extensive areas (approx. 350 000 ha), while in France where few scattered populations subsist, its area is estimated at approx. 3 000 ha. The restricted distribution of Salzmann pine in France is the relict of a much larger distribution area at the onset of the Quaternary period (Vernet et al. 2005) . In addition to the successive interglacial episodes of the Quaternary, the current distribution of Salzmann pine is probably the result of strong anthropogenic activities (Calas 1900; Vernet 2006) . Because of threats on their typical habitat (among which wildfires and hybridization with nonnative black pines are most prominent), Salzmann pine habitat is currently protected under the European Directive 92/43/ EEC (9530). As part of a nationwide conservation program, native individuals are being sampled and clonally propagated ex situ, while their genetic diversity is assessed. The results of the genetic study suggest that genetic differentiation between French stands is low but significant and their genetic diversity largest of all European black pine populations, except for the genetically depauperate populations from the isolated forest stands of Gorges du Tarn and Col d'Uglas (Fady et al. 2010) .
For decades, the Salzmann pine has also been drawing some attention among forest managers because it is assumed to be relatively drought resistant and able to adapt to various soil types and climate conditions (Calas 1900; Quézel and Barbéro 1988; Costa et al. 1997) . In that sense, the possibility to use Salzmann pine for plantation in the Mediterranean region is seriously considered although conservation issues have to be addressed in priority.
However, recent studies have pointed out that black pines are sensitive to summer drought (Génova and Fernández 1999; Lebourgeois 2000; Linares and Tiscar 2010) . General circulation model simulations predict temperature increases and more frequent drought events at medium latitudes, particularly in the Mediterranean basin (Houghton 2011) . Whereas a positive growth trend was shown by Corsican pines in western central France (Lebourgeois et al. 2000) , a decreasing trend in radial increment is already observed in some black pine populations from the Western Mediterranean basin (Martin-Benito et al. 2010) . In this context, to what extent Salzmann pines are sensitive to climate change and how they can be of use in declining black pine plantation forests are serious forest management questions.
Dendrochronology is a well-known and well-used method to understand how trees react to climate variations (Fritts 1976) . Many studies focus on large-scale tree growth patterns while much fewer aim at assessing the long-term relationship between radial growth and climate at local site level. However, this type of study is necessary to understand which ecological factors drive the variability of radial growth response to climate variations within a species. In this study, our aims were threefold: (1) to further determine what are the climatic variables influencing radial growth of the French endemic populations of Salzmann pine, (2) to compare Salzmann pine radial growth response to climate variations in different stands, and (3) to assess the long-term variability of the radial growth response to climate throughout the twentieth century.
Materials and methods

Study sites
The study was carried out in three different forest sites within the native range of Salzmann pine in southern France: Saint-Guilhem-le-Désert (SG), Gorges du Tarn (GT), and Conflent valley (CO) (Fig. 1 ). Sites were chosen for their relative homogeneous topographic characteristics with steep slopes in the range of 15°to 40°and north-west aspect. The studied sites belong to the meso-Mediterranean climatic belt, and their elevation ranges between 587 m (SG) and 798 m (GT) above sea level. The soil texture is largely dominated by sand which generally produces well-drained soil subject to drought. Historical documents provided by the French National Forest Service indicate that in these formerly grazed areas turned to forests during the nineteenth century, the selected sites have remained unmanaged for the last 150 years. Table 1 summarizes topographic and climatic characteristics of the studied sites.
Conflent Mean annual precipitation is 646 mm (Tyndall climatic model, period 1961 (Tyndall climatic model, period -1990 . Mean annual temperature is 9.9°C, and temperature amplitude, around 10°C, is stable along the year. Natural vegetation (Cistus laurifolius, Calluna vulgaris, Genista pilosa, etc.) indicates an acidic soil, and the bedrock is characterized by volcanic and gneissic rocks.
Gorges du Tarn
The climatic influence of the Massif Central Mountain is pronounced in this site. Pines are growing on a dolomitic bed rock, on the steep slope of the Tarn river canyon. The oldest French Salzmann pine exceeding 450 years was described at this site. Annual precipitation is 1,060 mm (Tyndall climatic model, period 1961 (Tyndall climatic model, period -1990 . Mean annual temperature averages 11.2°C, and seasons are characterized by a cold winter and hot summer. . Bar plots represent the sum of monthly precipitations, and white-background plot, monthly temperatures. The intercept of two curves represents a dry period Saint-Guilhem-le-Désert This site is under Mediterranean climate with a pronounced summer drought particularly in July (P<2Tm, Fig. 1 ). Mean annual precipitation is 998 mm (Tyndall climatic model, period 1961 (Tyndall climatic model, period -1990 and mainly occurs during the autumn and winter periods. Mean annual temperature is 12.7°C. Natural vegetation (Quercus ilex, Buxus sempervirens, Sorbus aria, etc.) indicates a neutral soil and, as in the Gorges du Tarn, the bedrock is dolomitic.
Meteorological data
For estimating ring width to climate relationships, we selected monthly variables potentially able to limit radial growth (Fritts 1976) . Monthly maximum and minimum temperatures (respectively, TX and TN) and monthly precipitations (P) were collected from the Tyndall climatic model (0.5°×0.5°grid box) elaborated by Mitchell et al. (2002) . This model presents the advantage to provide climatic data from 1901 to 2002 while meteorological records from the French National Meteorological Agency (MeteoFrance) often start after 1950. To check the conformity of modeled data with local climate of each site, we used a linear regression between the Tyndall and measured data at the three closest meteorological stations from each site: the linear regressions showed significant regression coefficient (p<0.01) ranging between 0.56 and 1.06 for precipitation and between 0.88 and 1.01 for temperature. Mann-Kendall tests were applied to underline possible trends over time between both types of data. The Mann-Kendall test indicated a strong agreement between Tyndall data and climatic records from MeteoFrance at all sites. Kendall tau ranged between 0.86 and 0.89 for TX and TN. Precipitation presented less conformity as shown by the tau which ranged between 0.42 and 0.51. The Tyndall data generally underestimated the annual precipitations by 100 to 260 mm.
Tree ring data and dendroecological methods
Measurement At each site, we selected 20 trees among dominant and healthy pines and bored one core per tree from the base of the trunk using a Swedish increment borer. All cores were sanded and cross-dated, and tree-ring widths were measured to the nearest 1/100 mm using a LINTAB6 measuring table and the TSAP software (Rinntech®). Crossdating was checked by using the COFECHA software (Holmes 1983 ).
Standardization To remove low frequency variations linked to tree aging, tree-ring widths were converted into a standard index using the filtering method developed in the 3pBase software (Guiot and Goeury 1996) . A 10-year filtering window was adapted to enhance high-frequency signal and to fit a function to measured chronologies. Mean sensitivity and first-order autocorrelation (AC) were calculated to assess, respectively, the year-to-year variations and the influence of previous year's width on current year width.
Response functions
The relationship between standardized chronologies and climatic data was analyzed by means of response functions (Fritts 1976) . The 3pBase program (Guiot and Goeury 1996) and its bootstrap method (Guiot 1991) were used for the analyses. We used 14 monthly climatic variables as regressors, starting in October of previous year (t−1) to September of current year (t). We chose this calendar (Oct t−1 to Sept t) to better take into account the physiological cycle of trees. The mean standardized chronologies were used as dependent variables in the models.
First, we calculated the response function for the whole period . Then, to assess the long-term variability of the relationship between tree ring and climate during the twentieth century, we used the DENDROCLIM2002 program (Biondi and Waikul 2004) to calculate moving 
Results
Analysis of climate data
An increasing linear trend in annual maximum and minimum temperatures was clearly observed during the period 1901-2002 at all sites. The greater increase was observed at the southern site (CO) with 0.013°Cyear −1 (r 2 00.32, p0 0.0001) and the smaller one at the northern site (GT) with 0.011°Cyear −1 (r 2 00.19, p00.0001). The trends were particularly strong during summer and early autumn seasons (July, +0.015°Cyear 
Chronology statistics
The chronologies spanned 130 to 316 years. The three mean site chronologies shared a common period (depth size: 20 samples measured per site) from 1878 to 2007. Probably because SG is an older population, the annual radial growth appeared to be twice as thin at that site than at both other sites (Table 2) . Mean sensitivity, calculated on raw data, ranged from 0.26 to 0.38. The higher value, observed on the southernmost site (CO), indicated a homogenous and pronounced response of Salzmann pines to interannual climate variations. The first-order autocorrelation coefficients, calculated on raw data, were relatively homogenous from one site to another and varied from 0.74 to 0.77, emphasizing the high interannual correlation between tree-ring widths. When calculating first-order autocorrelation coefficients on standardized indices, values reached 0.10 and never exceeded 0.19 indicating that a small amount of low-frequency year-to-year variation remained in the standardized tree-ring chronologies. Table 2 sums up tree and dendrochronological characteristics at all sites.
Radial growth and climate relationship
In response functions, the amount of variance explained by the model (r 2 ) for a given variable reflects its mean contribution to radial growth. At the dryer site (CO), precipitations explained more variance (r 2 00.54) than temperatures (r 2 00.41 and r 2 00.43, respectively, for the TX and TN models). On the contrary, at the other sites (GT and SG) which are wetter and warmer, temperatures explained more variance (r 2 00.56) than precipitations (r GT 2 00.49 and r SG 2 00.52). Differences between the dryer site (CO) and the wetter and warmer sites (GT and SG) were clear and pronounced in the response function results (Fig. 2) . Winter and spring precipitations (February, March, May, June) positively influenced radial growth at the southern and dryer site (CO). At northern and wetter sites (GT, SG), February temperatures positively influenced radial growth while October and November t−1 temperatures exerted opposite influences (negative with October and positive with November). May, June, and July maximum temperatures negatively influenced radial growth at the northern sites (GT, SG) but that influence was lower than that of autumn and winter.
Temporal variations of the radial growth relationships
Moving response functions (Fig. 3) underlined two types of relationships between radial growth and climate for the period 1930-2002: while some were roughly temporally stable, others appeared unstable throughout the period. At SG, the positive correlation between growth and winter The negative correlation with radial growth was no longer significant after the 1950-1960 period.
Discussion
Several studies have shown that black pine is sensitive to high summer temperatures and to water deficit during spring and summer (Martin-Benito et al. 2010; Lebourgeois 2000; Génova and Fernández 1999) . The impact of climate change on radial growth, and particularly that of a dryer summer period, was recently demonstrated in Spain (Linares and
Conflent
Gorges du Tarn
Saint-Guilhem-le-Désert Fig. 2 Correlation/regression coefficients between monthly maximum temperatures (TX) and monthly precipitations (P) and standardized tree-ring chronologies at CO, GT, and SG. Above +2 bold line and under −2 bold line, coefficients are significant at a threshold of 95 %
Conflent
Gorges du Tarn
Saint-Guilhem-le-Désert Fig. 3 Moving response functions (MRF) at CO, GT, and SG. Each value corresponds to the correlation/regression coefficient calculated on the 30 previous years. TX monthly maximum temperatures, P cumulus of monthly precipitations. Colored zones correspond to 95 % significance coefficients. The black dot locates the 1949 wildfire at GT Tiscar 2010; Martin-Benito et al. 2010 ). In the case of Salzmann pine, Génova and Martinez-Morillas (2002) also demonstrated that analyzing the correlation between radial growth response and climate should be modulated according to soil substrate characteristics. They pointed out the fact that, under the same regional climate conditions, Salzmann pines on quartzite bedrock were much more sensitive to summer precipitations, while on dolomitic and calcareous bedrock, pines were less dependent on precipitation. We observed significant differences in radial growth response to climate variations among sites. The northern sites (GT, SG) showed similar radial growth responses: temperatures appeared as the predominant driver of radial growth. At the southern site (CO), the only significant climatic factor affecting radial growth was precipitations. The mean regional climate is clearly different between northern and southern sites and could partly explain such differences. Precipitations are two times lower at CO than at other sites. In addition, differences in radial growth response between sites could be interpreted in the context of the ecological differences between sites. At CO, periods of water deficit at the onset of the vegetative period exacerbated by a particular compact gneissic bedrock could be a strong limiting factor for radial growth. In agreement with the results of Génova and Martinez-Morillas (2002) , the observed differences between radial growth patterns of CO and GT-SG could also be related to soil texture and substrate conditions. On dolomitic and calcareous bedrock (GT, SG), the effect of chemical alteration of calcareous may offer the opportunity to pine roots to prospect deeper levels for water resource.
The negative effect of October t−1 temperatures on black pine radial growth has been reported in previous studies (Linares and Tiscar 2010; Martin-Benito et al. 2010; Génova and Fernández 1999) . A growing season extending late into October t−1 may have a strong influence on the current growing season. By maintaining a low rate of photosynthetic activity and respiration late in the season, it may reduce the quantity of carbohydrate resource available for the following year (Andreu et al. 2007; Génova and Fernández 1999; Fritts 1976) .
The positive correlation between radial growth and February temperatures is mentioned by Linares and Tiscar (2010) at wetter sites in southern Spain. Higher temperatures in February lead to wider tree rings by promoting an early bud opening, which consequently increases the length of the growing season, as observed for species such as Pinus pinea (Campelo et al. 2007 ) and Quercus ilex (Campelo et al. 2009 ) in Portugal and Pinus pinaster in central Spain (Bogino and Bravo 2008) . In agreement with these results, a February temperature effect is observed at wetter sites (GT, SG) and particularly in SG. Physiological studies have shown that January and February match with the dormancy breaking phase (Dereuddre and Gazeau 1992) during which a progressive decrease of cold hardiness occurs. We hypothesize that dormancy could decrease in February at SG which is the warmest studied site (+2°C on average compared to other sites) and that after dormancy breaking, exceptionally low temperatures could strongly affect cambial cells and subsequent radial growth. In addition to that, low February temperatures could also affect winter photosynthesis as it has been reported for other conifers (Wieser 1997; Lebourgeois 2000) .
Moving response functions are consistent with response functions obtained on the whole length of the chronologies and ascertain the temporal evolution of radial growth to climate relationships between 1901 and 2002. The strongest and long-term most stable climatic signal is a direct response of radial growth to spring precipitations at CO, the driest site. Such a stable relationship could partly be related with invariant century scale factors such as soil or spring precipitation. The relationship between mean July temperatures and radial growth appears unstable over the period 1901-2002 and follows relatively similar patterns at all sites. When displaying mean July temperature long-term variation with correlation/regression coefficient in the same graph (Fig. 4) , we can notice that when temperatures rise, the coefficient decreases (the negative effect of high July temperatures is more pronounced) and vice versa. In the year following 1980, while July temperatures rise above those of the 1950s, the correlation/regression coefficient decreases at all sites although it remains nonsignificant. This result suggests an increase in water stress effect due to higher temperatures during the last decades of the twentieth century. Similar changes in climatic response were observed Fig. 4 Evolution of the July correlation/regression coefficient at CO, GT, and SG and July mean temperatures between 1901 and 2002. July temperatures are averages between the three sites. The gray plot represents a 95 % confidence interval of a polynomial function fitted on July temperatures. The black dot locates the 1949 wildfire at GT. Under −2 line, the correlation/regression coefficients are significant at a threshold of 95 % between late summer temperatures prior to growth and radial growth in Pinus uncinata (Andreu et al. 2007 ). In a climate change context, July temperature increase could cause a decrease of the correlation/regression coefficient which could eventually reach significant values.
It must be emphasized that in 1949, a large wildfire partly devastated the GT Salzmann pine forest. The sharp decrease of the correlation/regression coefficient which occurred after this event indicates that the summer drought effect on radial growth response increased during the following 10 years. We can assume that fire eliminated the crown and the understory, drying out superficial soil and modifying soil microfauna, thus producing on pine radial growth similar consequences than that caused by a severe drought.
Conclusions
Differences in Salzmann pine radial growth response to climate variations are pronounced between the three sites of the study: at the southernmost site (CO), radial growth is positively correlated with spring precipitations, whereas in the two northern sites (GT, SG), it is correlated with temperatures. Such differences reflect a combined effect of regional climate characteristics and soil types on radial growth. As a low but significant genetic differentiation has been found between the Salzmann pine populations of the Pyrenees (CO) and the Massif Central (GT, SG) (Fady et al. 2010) , differences in radial growth could also be due to local adaptation although our study does not make it possible to disentangle its effects from that of widespread phenotypic plasticity.
Moving response functions indicate radial growth/climate relationships evolving over time throughout the second half of the twentieth century. Particularly, synchronous patterns at all sites highlight an increasingly negative correlation between radial growth and July temperatures. In a context of climate change where summer temperatures are predicted to increase, Salzmann pine is likely to experience a reduction in radial growth during the twenty-first century.
